Sodium-glucose linked transporter 2 (SGLT2) inhibitors are a new and promising class of antidiabetic agents which target renal tubular glucose reabsorption. Their action is based on the blockage of SGLT2 sodium-glucose cotransporters that are located at the luminal membrane of tubular cells of the proximal convoluted tubule, inducing glucosuria. It has been proven that they significantly reduce glycated hemoglobin (HbA1c), along with fasting and postprandial plasma glucose in patients with type 2 diabetes mellitus (T2DM). The glucosuria-induced caloric loss as well as the osmotic diuresis significantly decrease body weight and blood pressure, respectively. Given that SGLT2 inhibitors do not interfere with insulin action and secretion, their efficacy is sustained despite the progressive β-cell failure in T2DM. They are well tolerated, with a low risk of hypoglycemia. Their most frequent adverse events are minor: genital and urinal tract infections. Recently, it was demonstrated that empagliflozin presents a significant cardioprotective effect. Although the SGLT2 inhibitors' efficacy is affected by renal function, new data have been presented that some SGLT2 inhibitors, even in mild and moderate renal impairment, induce significant HbA1c reduction. Moreover, recent data indicate that SGLT2 inhibition has a beneficial renoprotective effect. The role of this review paper is to explore the current evidence on the renal effects of SGLT2 inhibitors.
Introduction
According to the World Health Organization fact sheet for diabetes, 422 million people worldwide have diabetes; 90% of whom have type 2 diabetes mellitus (T2DM). In 2012 approximately 3.7 million people died from diabetes and high blood glucose. It is estimated that diabetes will be the seventh leading cause of death in 2030 [World Health Organization, 2016 :fact sheet 138 and 312]. Thus, T2DM has taken on the characteristics of an epidemic along with, in westernized civilizations, physical inactivity and obesity [James, 2008] . Although the main pathophysiologic origin of T2DM is associated with β-cell failure and insulin resistance in liver and muscles (the triumvirate), multiple derangements are taking place in other organs like fat cells (increased lipolysis), the gastrointestinal tract (incretin deficiency/ resistance), the alpha-cell (hyperglucagonemia), the kidney (enhanced glucose reabsorption) and the brain (insulin resistance) comprising the Ominous Octet [DeFronzo, 2009] . Sodium-glucose linked transporter (SGLT) 2 inhibitors represent a new class of recently developed antidiabetic agents that improve glycemic control, decrease glycated hemoglobin (HbA1c), and reduce body weight, presenting also a low risk for hypoglycemia. This review paper aims to describe the mechanism of action, the efficacy and the safety of SGLT2 inhibitors, both in patients with normal renal function and with chronic kidney disease (CKD); mild, moderate or severe renal impairment. In addition, this review manuscript will explore the beneficial effects of SGLT2 inhibitors on renal function and especially on albuminuria, diabetic tubulointerstitial fibrosis and hyperfiltration in in vitro, in animal and in human studies.
SGLT-mediated glucose transportation
Although sustained hyperglycemia may be harmful for the whole body, leading to diabetic complications, glucose is recognized by the body as a valuable source of energy. Thus, a large number of complicated transport systems and biochemical processes have been integrated to serve its retention. The kidneys preserve glucose via tubular glucose reabsorption, by SGLTs, secondary active cotransporters and facilitative glucose transporters (GLUTs) [Wright et al. 2007 ]. SGLT1 and SGLT2, which are members of the SLC5 gene family [Wright et al. 2004] , are secondary active sodium-glucose cotransporters located in the brush border (luminal membrane) of the tubular cells at the proximal tubule [Guyton and Hall, 2006 ]. SGLT2 transporters are situated at the convoluted (S1/2) segment of the proximal tubule [Vallon et al. 2011; Wright et al. 2011 ] and reabsorb approximately 80-90% of the filtered glucose [Wright et al. 2007; Abdul-Ghani and DeFronzo, 2008; Vallon et al. 2011; Wright et al. 2011] . Although they present a rather low affinity for glucose, they have very high capacity for glucose transportation and 1:1 sodium-glucose coupling [Barfuss and Schafer, 1981; Moran, 1982a, 1982b] . SGLT1 transporters are located in the straight (S3) segment of the proximal tubule and reabsorb the remaining 10-20% of glucose that 'escapes' SGLT2 reabsorption [Wright et al. 2011 ]. SGLT1 transporters present high affinity/ low capacity for glucose and 2:1 sodium-glucose coupling Moran, 1982a, 1982b] . Apart from the kidney, SGLT1 transporters are mainly expressed in the enterocytes of the small intestine facilitating both glucose and galactose absorption [Wright et al. 1994] (Table 1) .
Facilitative glucose transporters (GLUTs)
The GLUT1 and GLUT2 facilitative glucose transporters, which belong to the GLUT (SLC2A) protein family of human transporters, are located in the basolateral membrane of renal proximal tubular cells [Augustin, 2010] . GLUT2 facilitates glucose diffusion from the tubular cells intracellular space to the renal interstitial through the basolateral membrane at proximal convoluted (S1/2 segment) tubule while GLUT1 serves the same function at the proximal straight tubule (S3 segment) [Hediger and Rhoads, 1994] .
Mechanism of tubular glucose reabsorption
Sodium-potassium adenosine triphosphate (ATP)ase active transporter, which is located in the basolateral membrane of proximal tubular cells, constitutes the source of energy for the glucose reabsorption transport system. Energy released by the ATP hydrolysis is the main fuel [Wright et al. 2007, Wright and Turc, 2004; Guyton and Hall, 2006; Vallon et al. 2011; Wright et al. 2011; Abdul-Ghani and DeFronzo, 2008; Barfuss and Schafer, 1981; Moran, 1982a, 1982b; Wright et al. 1994; Augustin, 2010; Hediger and Rhoads, 1994] .
for the transportation of sodium ions to the kidney interstitium through the basolateral membrane of tubular cells. This results in a reduction of the intracellular sodium concentration creating a negative electrical potential that induces sodium diffusion from the tubular lumen to the tubular intracellular space through SGLT sodium-glucose cotransporters, driving glucose transportation at the same time, against its gradient, from the lumen into the tubular cells. After entering the tubular cells, glucose is diffused to the kidney interstitium through GLUTs at the basolateral membrane [Hediger and Rhoads, 1994; Guyton and Hall, 2006] (Figure 1 ).
Glucose reabsorption physiology
Normally, blood glucose is freely filtered by the glomerular capillary membrane and passes into the tubular lumen. Given that in normoglycemic conditions the glomerular filtration rate (GFR) is about 180 l per day and the blood glucose concentration is 90-100 mg/dl, approximately 162-180 g of glucose passes from the Bowman's capsule into the tubular lumen. Since glucose is not normally excreted in the urine, about 162-180 g of glucose per day is reabsorbed by the tubular GLUTs [Guyton and Hall, 2006; Wright et al. 2007; Abdul-Ghani and DeFronzo, 2008] . Tubular glucose reabsorption increases linearly with increasing blood glucose levels, until the glucose transport system becomes saturated and SGLTs reach their maximum transport capacity. Transport maximum (Tm G ) for the glucose tubular transport system in adults is about 375 mg/min [Guyton and Hall, 2006] . Tm G corresponds with a blood glucose level of approximately 300 mg/dl, which is referred to as the threshold for glucose (300 mg/dl is the quotient of Tm G 375 mg/min and GFR 125 ml/min). Above the level of Tm G , the excess glucose filtered is not reabsorbed and passes into urine. Remarkably, even from 200 mg/dl, a small amount of glucose begins to appear in the urine. This discrepancy is imputed to both anatomical and physiologic heterogeneity of separate The sodium-potassium ATPase pump that is located is at the tubular cells of the S1 and S3 segment of the proximal convoluted tubule is a primary active counter-transporter. Its function is to export sodium to the interstitium and import potassium. ATP-ADP transformation provides the required energy for this function. Therefore, this pump creates the sodium gradient needed for the operation of the secondary active SGLT cotransporter which imports both sodium and glucose from the tubular lumen into tubular cells. Glucose moves against its electrochemical gradient following sodium transportation along its gradient. Intracellular glucose passive diffusion to the interstitium is facilitated by GLUTs which are located at the basolateral membrane of the tubular cells. Concerning SGLTs, SGLT1 is found at the S3 segment and has 2:1 sodium to glucose stoichiometry, whereas SGLT2 is located at the S1 segment and has 1:1 stoichiometry. SGLTs are on the brush border of tubular cells. The pharmacological effect of SGLT2 inhibitors, which block SGLT2 transporters, is also shown. Thus they induce glucosuria. ADP, adenosine diphosphate; ATP, adenosine triphosphate; GLUT, glucose transporter; SGLT, sodium-glucose linked transporter.
nephrons. Thus, for blood glucose level from 200 mg/dl to 300 mg/dl some nephrons reabsorb all the amount of filtered glucose while others exceed their threshold, they cannot reabsorb all the amount of filtered glucose and glucose starts to appear into urine. Consequently, while 300 mg/dl is the theoretical threshold for glucose, 200 mg/dl is the actual threshold and in the glucose titration curve the connection between blood glucose level and glucose reabsorption from 200 mg/dl to 300 mg/dl is not linear (as is the case <200 mg/dl) but curvilinear. This difference between the actual and the theoretical threshold for glucose is called 'splay'. Similar to threshold, the actual Tm G is <375 mg/min [Abdul-Ghani and DeFronzo, 2008; DeFronzo et al. 2012; Guyton and Hall, 2006 ].
Alterations of renal glucose reabsorption in diabetes
Concerning renal glucose reabsorption in diabetic patients, Tm G presents as 20% elevated compared with healthy patients [Farber et al. 1951 ]. Thus, the mechanism of energy retention through glucose reabsorption becomes maladaptive and even in hyperglycemic states glucose reabsorption is enhanced and hyperglycemia is exacerbated [Abdul-Ghani and DeFronzo, 2014] . In a human study by Rahmoune and colleagues, a threefold increase of renal glucose uptake was shown in T2DM patients compared with the control group [Rahmoune et al. 2005 ]. In the same study, it was reported that there was an increase of SGLT2 mRNA and SGLT2 protein along with GLUT2 mRNA and GLUT2 protein in patients with T2DM [Rahmoune et al. 2005] .
Glucosuria due to gene mutation
Familial renal glucosuria (FRG) is a genetic disease in which a mutation in the SGLT2 cotransporter gene suspends its function, causing glucosuria. Generalized kidney function and blood glucose levels remain normal. Heterozygosity for SGLT2 mutations induce mild glucosuria (<10 g/day) whereas homozygosity induces severe glycosuria (>10 g/day). FRG is usually associated with polyuria, enuresis, growth and maturation delay [Scholl-Burgi et al. 2004] and only in severe cases with dehydration and ketosis during starvation and pregnancy [Oemar et al. 1987] or urinary tract infections (UTIs) [de Marchi et al. 1983] . FRG is typically considered rather a benign differentiation of glucose retention rather than a disease [Santer and Calado, 2010] . These benign features of FRG and the encouraging results of the first studies on SGLT2 inhibitors triggered the research into SGLT2 inhibition as a therapeutic intervention for T2DM.
First SGLT2 inhibitors
The first SGLT2 inhibitor, known as phlorizin, was isolated from the bark of the apple tree in 1835 and was used firstly as an antipyretic. The glucosuric effect of phlorizin was discovered only 50 years later [White, 2010] and its mechanism of action was found to be localized at the proximal convoluted tubule in the 1970s [Vick et al. 1973 ]. Its molecule consists of a glucose ring connected via an oxygen atom (O-glucoside) to two phenol rings and it presents a tenfold higher affinity for SGLT2 versus the SGLT1 transporter [Vick et al. 1973] . Animal studies on phlorizin demonstrated normalization of both fasting and postprandial plasma glucose concentrations in diabetic rats [Rossetti et al. 1987b] , improvement in peripheral insulin sensitivity, [Rossetti et al. 1987b ], improvement in insulin secretion, [Rossetti et al. 1987a ] and decline of elevated plasma glucagon levels in diabetic dogs [Starke et al. 1985] . Due to poor oral bioavailability (15%), low SGLT2 selectivity and gastrointestinal side effects from SGLT1 inhibition, phlorizin failed to progress to use in humans [Ehrenkranz et al. 2005 ]. Nevertheless, its beneficial effects on diabetic patients triggered research on other agents that inhibit SGLT2 transporters. T-1095 presented mild selectivity for SGLT2 transporter, thus it was not developed further [Oku et al. 1999; Misra, 2012] . O-glycoside linkages of sergliflozin, another SGLT2 inhibitor, sustain hydrolysis by intestinal β-glucosidase and as a result it has a restricted plasma elimination half-life (0.5-1 h) [Misra, 2012; Hussey et al. 2010] . Many other SGLT2 inhibitors followed these early agents. Some of them have already been approved for use in the United States, Japan and Europe while others are in different stages of clinical development ( Table 2) .
Efficacy of SGLT2 inhibitors on glycemic control
In animal studies, treatment of Zucker diabetic fatty (ZDF) rats with canagliflozin reduces the renal threshold for glucose (RTg) from 415 mg/dl to 94 mg/dl. Furthermore, it was shown that when the blood glucose level was <90 mg/dl, glucose excretion was minimal [Liang et al. 2012] . In human studies, it has also been reported that canagliflozin lowers the RTg in diabetic patients from 240 mg/dl (in normal individuals this value is 180 mg/dl) to approximately 80-90 mg/dl [Rosenstock et al. 2012; Devineni et al. 2012 ]. Additionally, a significant HbA1c reduction has been exhibited in diabetic patients treated with dapagliflozin [Wilding et al. 2009; Bailey et al. 2010; Ferrannini et al. 2010; Strojek et al. 2011; List et al. 2009 ], canagliflozin [Stenlof et al. 2013 ], empagliflozin [Ferrannini et al. 2014 ] and tofogliflozin [Kaku et al. 2014 ]. Furthermore, treatment with ipragliflozin for 12 weeks induced a dose-dependent decrease in HbA1c from −0.49% to −0.81% [Fonseca et al. 2013 ]. Administration of dapagliflozin produces glucosuria-related urinary calorie loss (200-300 calories/day) [Ferrannini et al. 2010 ]. In addition, inhibition of renal glucose reabsorption from empagliflozin ranged from 13.1-49.6% with single doses from 1-100 mg and the amount of glucose excreted in the urine within the first 24 h after empagliflozin administration ranged from 19.6 g for a 1 mg dose to 74.3 g for a 100 mg dose [Sarashina et al. 2013] . Urinary glucose excretion (UGE) in ipragliflozin-treated patients was dosedependent and reached approximately a maximum of 59 g glucose [Veltkamp et al. 2011] . Dapagliflozin significantly decreases both fasting plasma glucose (FPG) [Wilding et al. 2009; Ferrannini et al. 2010; Strojek et al. 2011; List et al. 2009 ] and postprandial glucose levels (PPGlevel), [Wilding et al. 2009; List et al. 2009 ]. Similar effects were presented for canagliflozin, with significant reduction of both FPG [Devineni et al. 2012; Stenlof et al. 2013; Yale et al. 2013] and PPG-level [Devineni et al. 2012; Stenlof et al. 2013] . In a 28-day study in patients with T2DM, multiple doses of empagliflozin induced significant reductions in both mean FPG and mean plasma glucose (MPG) compared with the baseline values [Heise et al. 2013; Scheen 2014 ]. Finally, 24 weeks of tofogliflozin administration with doses from 10 mg to 40 mg significantly decreased fasting plasma glucose [Kaku et al. 2014] .
Additional beneficial effects of SGLT2 inhibitors
Apart from their beneficial effect in glucose metabolism, these new antidiabetic agents have proven to be advantageous in other systems too. Body weight exhibited significant reduction in dapagliflozin [Wilding et al. 2009; Ferrannini et al. 2010; Strojek et al. 2011; List et al. 2009; Nauck et al. 2011] , canagliflozin [Yale et al. 2013; FDA Advisory Committee Meeting, 2013] and tofogliflozin [Kaku et al. 2014] . With ipragliflozin body weight decreased up to 1.7 kg in 12 weeks [Veltkamp et al. 2011] . Also, in patients treated with dapagliflozin and tofogliflozin a significant waist circumference reduction was observed [Kaku et al. 2014; Bolinder et al. 2012 ]. It has been suggested that body weight decrease may be attributed to visceral fat tissue lipolysis and enhanced lipid metabolism [Kaku et al. 2014; Bolinder et al. 2012 ].
Mean systolic and diastolic blood pressure (BP) were found to be lower in patients treated with dapagliflozin, possibly because of osmotic diuresis and volume reduction [Wilding et al. 2009; Ferrannini et al. 2010; List et al. 2009; Nauck et al. 2011 ], or canagliflozin [Devineni et al. 2012 Stenlof et al. 2013; Yale et al. 2013; FDA Advisory Committee Meeting, 2013] . Similar effects on systolic and diastolic BP have been reported for tofogliflozin [Kaku et al. 2014 ]. BP reduction was also observed in ipragliflozin-treated T2DM patients [Wilding et al. 2013 ]. SGLT2 inhibitors also demonstrated beneficial effects on the lipidemic profile of T2DM patients. High-density lipoprotein (HDL) cholesterol significantly increased with canagliflozin [Stenlof et al. 2013] and triglycerides presented a small reduction [Stenlof et al. 2013 ; FDA Advisory Committee Meeting, 2013], although only one trial reached significance [FDA Advisory Committee Meeting, 2013] . Dapagliflozin produced a small increase in HDL cholesterol without altering patients' lipidemic profile [Bailey et al. 2010; Strojek et al. 2011; Nauck et al. 2011] , whereas in tofogliflozin-treated patients there were significant improvements in both HDL cholesterol and triglyceride levels [Kaku et al. 2014 ]. β-cell function and HOMA2-%B were improved in patients treated with canagliflozin [Rosenstock et al. 2012; Stenlof et al. 2013] . Additionally, treatment with empagliflozin reduced insulin secretion and tissue glucose disposal, increased endogenous glucose production and glucagon-like peptide-1 response and improved β-cell function, and insulin sensitivity of tissue glucose uptake [Ferrannini et al. 2014] . In a recent study, male ZDF rats were treated with empagliflozin. It was shown from this study that SGLT2 inhibitors evoked beneficial effect on β-cell mass and retarded the loss of β-cells in T2DM, possibly by lowering glucose toxicity [Hansen et al. 2014; Novikov and Vallon, 2015] . Administration of tofogliflozin also had beneficial effect on pancreatic β-cell function [homeostatic model assessment (HOMA-B)] and insulin resistance (HOMA-IR) [Kaku et al. 2014 ].
According to a recent study, SGLT2 cotransporters are also expressed and are functional in glucagon-secreting α-cells of the pancreatic islets [Bonner et al. 2015 ]. In the same study, it was demonstrated that in diabetic patients the SGLT2 expression is reduced on α-cells and SGLT2
inhibitors induce glucagon release [Bonner et al. 2015] . Therefore, SGLT2 inhibition stimulates hepatic gluconeogenesis by glucagon production and reduced blood glucose levels [Novikov and Vallon, 2015] . On the other hand, it is exhibited in other recent studies that SGLT2 inhibition reduced kidney gluconeogenesis, which is upregulated in diabetes [Gerich 2010; Vallon et al. 2014; Novikov and Vallon, 2015] .
Main adverse effects
According to the existing clinical studies, the most common side effects of SGLT2 inhibitors are the increased incidence of genital infections (GIs) and UTIs that could be attributed to the glucosuric effect of these agents [Ferrannini et al. 2010; Nyirjesy et al. 2012; Rosenstock et al. 2012; Devineni et al. 2012; Stenlof et al. 2013; Yale et al. 2013; Rosenstock et al. 2013; Ferrannini et al. 2013a ]. Especially, according to a study with dapagliflozin, females were more susceptible to both GIs and UTIs than males and the incidence of these infections was connected with the dapagliflozin dose [Nauck et al. 2011 ]. Due to their mechanism of action, SGLT2 inhibitors have a very low risk of hypoglycemia [Wilding et al. 2009; Ferrannini et al. 2014; Sarashina et al. 2013; Kaku et al. 2014; Wilding et al. 2013; Rosenstock et al. 2013; Ferrannini et al. 2013a; Kovacs et al. 2013 ]. The reported hypoglycemic episodes were mild-to-moderate in severity [Wilding et al. 2009 ]. Other side effects that can be observed with SGLT2 inhibitors are pollakiuria and thirst which can be assigned to osmotic diuresis due to the glucosuric effect of SGLT2 inhibitors [Stenlof et al. 2013; Yale et al. 2013; Janssen Research & Development LLC, 2012 ; FDA Advisory Committee Meeting, 2013; Kaku et al. 2014; Rosenstock et al. 2013 ]. Hyperketonemia and ketonuria were also observed [Kaku et al. 2014] , as a result of increased lipolysis and mobilization of lipids and free fatty acids [Kaku et al. 2014 ]. The increased risk of ketoacidosis in patients treated with SGLT2 inhibitors was presented in May 2015 by the US Food and Drug Administration (FDA) [ h t t p : / / w w w . f d a . g o v / D r u g s / D r u g S a f e t y / ucm446845.htm]. It was recently described that the potential mechanisms which may be responsible for ketoacidosis in patients treated with SGLT2 inhibitors include lower insulin and higher glucagon levels that lead to increased lipolysis and ketogenesis and potentially increased renal tubular reabsorption of ketones [Taylor et al. 2015] . On the other hand, in the EMPA-REG OUTCOME study (Empagliflozin Cardiovascular Outcome Event Trial in T2DM patients) it was demonstrated that there was no difference in rates of ketoacidosis in patients with T2DM treated with empagliflozin versus placebo [Zinman et al. 2015] . Pertinent to osmotic diuresis, volume depletion events like hypotension, hypovolemia, dizziness and dehydration, have been reported as slightly elevated [Janssen Research & Development LLC, 2012; FDA Advisory Committee Meeting, 2013; Rosenstock et al. 2012 ]. Finally, it is noteworthy that the number of discontinuations of SGLT2 inhibitors due to adverse events was similar to the placebo group [Berhan and Barker, 2013] .
According to the new drug application for dapagliflozin which was submitted to the US FDA in 2011, a numerical imbalance was observed in bladder and breast cancer cases between treatment groups: 9 out of 5478 patients on dapagliflozin and 1 out of 3156 patients in the control group reported bladder cancer in the pooled dapagliflozin studies and 9 patients on dapagliflozin and 1 in the control group reported breast cancer [United States Food and Drug Administration, 2011] . A post hoc pooled analysis of dapagliflozin clinical trials was published recently that confirmed the numerical imbalance of bladder cancer cases [Ptaszynska et al. 2015] . It was reported in the same study that none of the preclinical studies indicated that dapagliflozin is carcinogenic [Reilly et al. 2014; Tirmenstein et al. 2013 ]. Furthermore, neither the drug itself nor the drug-induced glucosuria have been found to induce the growth of human bladder cancer cells [Ptaszynska et al. 2015] . Moreover, it has been reported that the patients with urothelial cell carcinomas were over 60 years old, male, and most of them were current or former smokers and typical of the general population [Ptaszynska et al. 2015] . It was also demonstrated that the dapagliflozin trials were not large enough and were not designed to assess the risk of bladder cancer. Finally, it is concluded that there was not a causal relationship between dapagliflozin and bladder cancer and the numerical imbalance of bladder cancer cases may be attributed to chance [Ptaszynska et al. 2015] . Similar results have been reported by another study, in which it was suggested that the imbalance of bladder cancer and breast cancer with dapagliflozin could be a result of early diagnosis of preexisting cancer [Lin and Tseng, 2014] . However, it is suggested that additional clinical data are necessary for firm conclusions and ongoing trials of dapagliflozin will carefully investigate the risk of bladder and breast cancer [Lin and Tseng, 2014; Ptaszynska et al. 2015; ClinicalTrials.gov Identifier: NCT02695121] .
Data regarding the efficacy and safety of SGLT2 inhibitors in patients with T2DM and CKD present a special interest, given that renal failure is a common complication of T2DM [Kramer and Molitch, 2005] and UGE is related to GFR and blood glucose levels [Yale et al. 2013] . According to a dapagliflozin study on diabetic patients with CKD, decreasing GFR restrains the ability of dapagliflozin to inhibit tubular glucose reabsorption [Kohan et al. 2014] . In another study on T2DM patients with stage 3 CKD (30 ⩽ GFR ⩽ 60 ml/min), the administration of dapagliflozin resulted in a 50% lower UGE than in T2DM patients with normal or mildly impaired renal function [Kohan et al. 2014] . Although the use of dapagliflozin in patients with GFR between 45-59 ml/min resulted in a modest decrease in FPG and in HbA1c, there was no significant reduction of these parameters in patients with more advanced CKD [Kohan et al. 2014 ]. Although dapagliflozin-treated patients with CKD did not achieved a glycemic benefit, they presented a significant weight improvement. Finally, it was demonstrated that dapagliflozin administration lowered albumin excretion in CKD patients compared with placebo [Kohan et al. 2014] .
In another study with canagliflozin, in patients with stage 3 diabetic CKD (Estimated Glomerular Filtration Rate (eGFR) ⩾ 30 and <50 ml/min/ 1.73 m 2 ) significant reduction of HbA1c from the baseline was demonstrated. In the same study, the number of patients in the canagliflozin group who achieved HbA1c < 7.0% was significantly higher than those in the placebo group, while the comparison with FPG did not present statistically different reductions in the two groups [Yale et al. 2013] . In both groups it was observed that there was a beneficial body weight reduction, a decrease in systolic and diastolic BP, an increase in HDL cholesterol and a decrease in low-density lipoprotein cholesterol [Yale et al. 2013] . It was also demonstrated that SGLT2 inhibitors are not anticipated to produce significant effects in patients with eGFR < 30 ml/min/1.73 m 2 or in patients on dialysis [Yale et al. 2013] . Although the adverse events of canagliflozin in CKD patients and patients with normal renal function did not differ (GIs, UTIs, osmotic diuresis-related events) their frequency was lower in the former group of patients as a result of a moderate glucosuric effect of canagliflozin in these patients [Yale et al. 2013] . Regarding the effect of canagliflozin on renal function, although the onset of the treatment with canagliflozin induced an eGFR reduction in the first 3 weeks of administration, eGFR levels returned to normal over the 26-week treatment period [Yale et al. 2013 ]. Finally, in CKD patients, aggravation of albuminuria was more frequent in the placebo group compared with canagliflozin treated patients [Yale et al. 2013 ].
The effect of the SGLT2 inhibitor ipragliflozin on T2DM patients with CKD has also been evaluated. In this study, it was demonstrated that the level of glucosuria after administration of a single dose of ipragliflozin was related to the patients' GFR and the plasma glucose concentration [Ferrannini et al. 2013b ]. In addition, it was calculated that for each 20 ml/min/1.73 m 2 reduction of the GFR, glucosuria was decreased by 15 g/day and for each 10 mg/dl increase of fasting glucose glucosuria was increased by 7 g/day [glycosuria (g/ day) = −87 ± 14 + 0.77 ± 0.12 × eGFR (ml/ min/ 1.73 m 2 ) + 0.70 ± 0.10 × fasting glucose (mg/dl)]; r = 0.81; p < 0.0001) [Ferrannini et al. 2013b ]. This equation could be helpful for the prediction of glucosuria, providing a quantification of the pharmacodynamics of ipragliflozin in T2DM patients with CKD [Ferrannini et al. 2013b ].
The efficacy of empagliflozin was also evaluated in patients with CKD. In a study in patients with CKD from mild to end-stage, it was demonstrated that UGE was decreased with the increase of the renal impairment stage [Macha et al. 2014] . It was also exhibited that a single dose of 50 mg empagliflozin was well tolerated regardless of the stage of renal impairment and there was no need for dose adjustment in CKD patients [Macha et al. 2014] . In another study in T2DM patients with stage 2 and 3 CKD (eGFR ⩾ 60 to <90 and eGFR ⩾ 30 to <60, respectively) empagliflozin reduced HbA1c during 24 weeks of administration (stage 2: −0.52% for empagliflozin 10 mg, −0.68% for empagliflozin 25 mg, stage 3: −0.42% for empagliflozin 25 mg) [Barnett et al. 2014 ].
Renoprotection of SGLT2 inhibitors
As reported in recent studies, SGLT2 inhibitors, as well as improving glucose control, may also present a beneficial effect in renal function in patients withT2DM.
It has been proven that the glucose entry into kidney tubular cells is essential for the development of diabetic nephropathy [Johnson et al. 1998; Panchapakesan et al. 2004; Qi et al. 2006 ] leading to a histological change which is described as tubulointerstitial fibrosis, involving both proximal tubular cell (PTCs) basement membrane alterations and interstitial fibrosis [Gilbert and Cooper, 1999; Tervaert et al. 2010] . The inflammatory and profibrotic effects in PCTs are directly derived from high glucose or mediated by the hyperplasic and profibrotic cytokine transforming growth factor β (TGFβ) [Johnson et al. 1998; Panchapakesan et al. 2004 Panchapakesan et al. , 2005 Holian et al. 2008; Qi et al. 2005] .
In an in vitro study, human PTCs were exposed to high glucose or to TGFβ1 factor for 72 h in the presence or absence of empagliflozin [Panchapakesan et al. 2013] . The results of the study suggested that SGLT2 expression was not directly regulated by high glucose, while high glucose levels increased TGFβ1 secretion from PTCs, which in turn, raised SGLT2 expression [Panchapakesan et al. 2013] . It was also reported that high glucose and SGLT2 inhibition did not affect SGLT1 and GLUT2 expression [Panchapakesan et al. 2013 ]. Finally it was exhibited that SGLT2 inhibition might reverse the tubulointerstitial inflammatory processes, caused by high glucose, like Toll-like receptor 4 expression, interleukin-6 secretion, nuclear factor-κB binding activity, activator protein 1 binding activity and collagen IV expression [Panchapakesan et al. 2013] .
In an animal study by Vallon and colleagues investigating the effects of empagliflozin in type 1 diabetic Akita mice, it was reported that SGLT2 inhibition decreased GFR and defended diabetic glomerular hyperfiltration . SGLT2 inhibition was also responsible for blood glucose reduction, preventing also albuminuria and inflammation processes in the early stages of diabetic nephropathy.
In another animal study by Nagata and colleagues in type 2 diabetic mice (db/db), the effect of an 8-week administration of the SGLT2 inhibitor tofogliflozin was investigated on renal and β-cell function compared with the angiotensin II receptor antagonist losartan [Nagata et al. 2013] . The results of this study suggested that tofogliflozin reduced plasma glucose and HbA1c, while preserving the pancreatic β-cell mass and plasma insulin levels. It was also demonstrated that tofogliflozin might be protective for the glomerular hypertrophy decreasing urinary albumin/creatinine ratio [Nagata et al. 2013] . Additionally, losartan had no effect on glycemic control while presenting a significant improvement in albumin/ creatinine ratio. Finally it was estimated that tofogliflozin may have the same beneficial effect on progression of diabetic nephropathy in T1DM patients as well [Nagata et al. 2013 ].
According to the study by Younis and colleagues on Cohen-Rosenthal diabetic hypertensive (CRDH) rats treated with empagliflozin for 18 weeks, there was a significant reduction in hyperglycemia and improvement of insulin resistance as measured by HOMA-IR [Younis et al. 2014 ]. Furthermore, the administration of empagliflozin improved diabetic nephropathy and pancreatic damage by reduction of proteinuria and decrease of pancreatic fatty infiltration, respectively [Younis et al. 2014 ].
Mark and colleagues, in their study on type 1 diabetic Akita mice, hypertensive type 2 diabetic Dahl-STZ (streptozotocin) rats, and normotensive and hypertensive BTBR ob/ob (BTBR means black and tan, brachyuric mouse strain and the ob/ob mutation causes lack of the hormone leptin.) mice treated with empagliflozin for 9-15 weeks, it was demonstrated that the administration of this SGLT2 inhibitor induced significant blood glucose reductions in all groups and BP reduction in Akita mice and Dahl-STZ rats ,. Furthermore, in the same study it was shown that empagliflozin has an important renal benefit which derives from the significant decrease of proteinuria. Additionally, the proteinuria restriction was observed in several preclinical models of nephropathy and was independent of diabetes type and BP status .
According to a human study by Cherney and colleagues, SGLT2 inhibition and renal hyperfiltration plays a very important role in diabetic nephropathy progression and SGLT2 inhibitors are considered as a very promising method for its prevention [Cherney et al. 2014] . Hyperfiltration is an early renal hemodynamic abnormality which is associated with increased intraglomerular pressure [Hostetter et al. 1981 [Hostetter et al. , 1982 Brenner et al. 1981] , it is estimated to be present in 60% of Type 1 Diabetes Mellitus (T1DM) patients and it has been related to the development of diabetic nephropathy [Magee et al. 2009; Ruggenenti et al. 2012; Jerums et al. 2010] . The pathogenesis of hyperfiltration can be attributed both to neurohormonal/vascular factors and to tubuloglomerular feedback mechanisms [Sasson and Cherney, 2012] . According to the vascular hypothesis, the treatment of hyperfiltration concerns, so far, renal arteriolar tone regulators such as cyclooxygenase-2 inhibitors, renin-angiotensin-aldosterone system (RAAS) blockers, nitric oxide (NO) synthase inhibitors and protein kinase C inhibitors [Cherney et al. 2008 [Cherney et al. , 2009 [Cherney et al. , 2012 Sochett et al. 2006 ]. According to the tubular hypothesis, the increased glucose reabsorption due to chronic hyperglycemia in diabetes induces sodium reabsorption along with glucose. As a result, the low concentration of sodium at the macula densa is detected as a low effective circulating volume and induces afferent arteriole vasodilation which increases GFR and causes hyperfiltration [Vallon et al. 1999] . The participants in this study, who were patients with T1D, were separated into two groups: patients with normal filtration rate [GFR: 90-134 ml/min/1.73 m 2 (T1D-N)] and patients with renal hyperfiltration [GFR ⩾ 134 ml/min/1.73 m 2 (T1D-H)] and treated with empagliflozin 25 mg for 8 weeks [Cherney et al. 2014 ]. According to the results, empagliflozin administration induced a significant GFR reduction both under euglycemic and hyperglycemic conditions (reduction of GFR by 33 ml/min/1.73 m 2 and 44 ml/min/1.73 m 2 , respectively) in the T1D-H group [Cherney et al. 2014 ]. However, GFR was not significantly decreased in T1D-N patients [Cherney et al. 2014 ]. In addition in the T1D-H group, apart from the GFR reduction, there were other beneficial effects like a significant decline in effective renal plasma flow and renal blood flow, a significant rise in renal vascular resistance and a significant reduction of systolic BP [Cherney et al. 2014 ]. In the same study it was presented in the T1D-H group that there was a significant increase in circulating RAAS mediators and reduction of plasma NO levels, whereas in the T1D-N group only aldosterone levels were increased significantly while there was no effect on NO [Cherney et al. 2014] . In both groups HbA1c declined significantly, accompanied by a decrease in total daily insulin dose. It was also presented that the body weight and the body mass index were decreased, while 24-h UGE was significantly increased in both groups. In the T1D-H group the changes in UGE were even greater [Cherney et al. 2014] . Additionally, the 24 h urine volume was significantly increased but only in the T1D-H group [Cherney et al. 2014] . Finally it was concluded that the efficacy of SGLT2 inhibitors on GFR reduction and hyperfiltration is equivalent to pharmacological RAAS blockage [Cherney et al. 2014] .
Further observation of a cohort of normotensive, normoalbuminuric patients, revealed that vasodilation of the afferent arteriole characterized by lower afferent renal arteriolar resistances (R A ) was exhibited in T1D-H participants compared with T1D-N participants [Škrtić et al. 2014] . It was also demonstrated that treatment with empagliflozin for 8 weeks decreased R A and also reduced glomerular hydrostatic pressure (P GLO ) in T1D-H patients, with no effect on efferent renal arteriolar resistances (R E ). These hemodynamic changes that were induced by empagliflozin significantly improved intraglomerular hypertension. Consequently SGLT2 inhibition is shown to be beneficial on early renal abnormalities that characterize T1DM and further investigation could enlighten us as to whether this renal beneficial effect is sustainable [Škrtić et al. 2014] Furthermore, more investigation is needed to prove whether SGLT2 inhibitors, which have beneficial effects on the afferent renal arteriole (constriction of the afferent arteriole), can be combined with RAAS inhibition, which induces changes in R E (efferent arteriole vasodilatation) and has cumulative renoprotective effect [Škrtić et al. 2014] According to the EMPA-REG OUTCOME study, empagliflozin has a protective effect against the progression of kidney disease in T2DM. Patients with T2DM and estimated GFR of at least 30 ml/min received either empagliflozin or placebo once daily. It was demonstrated that the number of empagliflozin-treated patients whose nephropathy was worse was lower compared with placebo. Also, the number of empagliflozintreated patients who doubled their serum creatinine level was lower compared with placebo and the initiation of renal replacement therapy was significantly lower in the empagliflozin group. From this study it was concluded that empagliflozin decreases the progression of kidney disease and lowers the rate of renal relevant events [Wanner et al. 2016] 
Impact of SGLT2 inhibitors on cardiovascular disease
The beneficial effect of SGLT2 inhibitors on BP has already been demonstrated from the early clinical trials of these agents. A recent review on the effect of dapagliflozin and canagliflozin on both hypertensive and normotensive patients with T2DM confirmed a 4-10 mmHg reduction of systolic BP [Oliva and Bakris, 2014] . Furthermore, in a recent study on empagliflozin, 825 patients with T2DM and hypertension were randomized to 10 mg or 25 mg empagliflozin or placebo once daily for 12 weeks. At week 12, mean 24 h systolic BP [ambulatory BP monitoring (ABPM)] was −3.44 mmHg on 10 mg empagliflozin and −4.16 mmHg on 25 mmHg empagliflozin versus placebo and mean 24 h diastolic BP was −1.36 mmHg on 10 mg empagliflozin and −1.72 mmHg on 25 mg empagliflozin versus placebo; therefore empagliflozin significantly reduces not only HbA1c but also BP [Tikkanen et al. 2015] . SGLT2 inhibitors have been proven to improve more than one cardiovascular risk factor, reducing HbA1c, body weight and BP and present a beneficial effect on the lipidemic profile at the same time [Majewski and Bakris, 2015] The effect of SGLT2 inhibition on cardiovascular disease was confirmed by the results of the EMPA-REG OUTCOME study. A total of 7020 patients with T2DM who were drug-naïve or on background glucose-lowering therapy and were at high risk of cardiovascular events, were randomized and treated with empagliflozin 10 mg, empagliflozin 20 mg or placebo. It was demonstrated that in the pooled empagliflozin group there were significantly lower rates of the primary outcome of the study (cardiovascular death, nonfatal myocardial infarction, nonfatal stroke) compared with placebo [hazard ratio (HR) = 0.86; 95% confidence interval (CI) = 0.74-0.99; p = 0.04 for superiority]. Also there were significantly lower rates of death from cardiovascular causes (3.7% versus 5.9% in the placebo group; 38% relative risk reduction), hospitalization for heart failure (2.7% and 4.1%, respectively; 35% relative risk reduction), and death from any cause (5.7% and 8.3%, respectively; 32% relative risk reduction). There were no significant results for nonfatal myocardial infarction, nonfatal stroke, nor hospitalization for unstable angina [Zinman et al. 2015] .
Further investigation was conducted in patient subgroups, including those with or without baseline heart failure. It was shown that empagliflozin improved heart failure outcomes, in terms of hospitalization for heart failure or death from heart failure [2.8 versus 4.5%; HR, 0.61 (0.47-0.79); p < 0.001] and was related to a reduction of all-cause hospitalization [36.8 versus 39.6%; HR, 0.89 (0.82-0.96); p = 0.003] [Fitchett et al. 2016 ].
According to the results of a recent meta-analysis regarding the effects of SGLT2 inhibitors on cardiovascular events, in adults with T2DM, it was shown that SGLT2 inhibitors protect against the risk of major adverse cardiovascular events, cardiovascular death, heart failure and death from any cause. Also, there was no significant benefit for nonfatal myocardial infarction or angina and an adverse effect was shown only for nonfatal stroke. Finally, in the same study it was suggested that there was no clear evidence about the differing effect of the various drugs in cardiovascular outcomes or death [Wu et al. 2016] As well as the EMPA-REG study there are many cardiovascular trials on SGLT2 inhibitors, the results of which are expected in the next few years (Table 3) .
SGLT2 inhibitors and T1DM
There are limited data about the therapeutic effects of SGLT2 inhibitors on T1DM individuals and only two studies (on dapagliflozin and empagliflozin) have been published until now [Henry et al. 2013; Cherney et al. 2014 ]. The results of these studies demonstrated a significant reduction in HbA1c, in FPG, in body weight and in the total daily number of insulin units required to achieve therapeutic glycemic control. It was also shown a dose-dependent increase in mean UGE from baseline. Furthermore, the co-administration of SGLT2 inhibitors and insulin did not increase the risk for hypoglycemia. Finally SGLT2 inhibitors reduce glomerular hyperfiltration and result in a renoprotective effect [Henry et al. 2013; Cherney et al. 2014; Lamos et al. 2014] .
Conclusion
It is the first time in diabetes history that the kidneys have been used as a therapeutic target. SGLT2 inhibitors, this new class of antidiabetic agents, via glucosuria induction, significantly decrease HbA1c and FPG levels. Given that these agents do not interfere with insulin secretion and action, β-cell progressive failure does not attenuate their efficacy. Nevertheless, as the glucosuric effect depends on renal function, the efficacy of these agents decreases along with the stages of renal impairment. SGLT2 inhibition also provides a significant beneficial effect on body weight and BP reduction due to calorie loss and osmotic diuresis from glucosuria. SGLT2 inhibitors are generally well tolerated with the most common adverse events being UTIs and GIs and with low risk for hypoglycemia. Apart from the exciting cardioprotective results of empagliflozin (the EMPA-REG study) one more advantageous feature that was recently revealed is the renoprotective effect of empagliflozin and tofogliflozin against diabetic nephropathy, as discussed above, in in vitro, in animal and in human studies.
Since even more agents of this new class are completing their clinical programs and reaching market authorization (Table 2) our antidiabetic armamentarium is now equipped with more promising and effective weapons in the fight against diabetes.
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